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H I G H L I G H T S
• Strut reinforced Kagome (SRK) is designed and fabricated through selective laser melting.
• Compressive behaviour of printed SRK was studied analytically, numerically and experimentally.
• SRK structures have the better compressive strength and effective modulus than Kagome structure for the same relative density.
• Sub-β-transus heat treatment on these unit structures increased the effective modulus, ductility and energy absorption.
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Introduction
Lightweight, high strength and high energy absorption materials are of interest in aerospace, automobile, and defence industries. Sandwich structures with different cores like honeycomb, foam or cellular lattice structures have high application in these industries. The mechanical properties of these structures are governed by the architecture of cellular structure and their material properties. Based on the deformation behaviour, the cellular structures are classified as stretching dominated and bending dominated. The stretch dominated structures have higher stiffness and strength than the bending dominated ones [1] .
The mechanical performance of various cellular structures has been investigated analytically, numerically and experimentally [2] . Deshpande et al. [3] explored the mechanical properties of octet truss structures and found to be stretch dominated and ideal for a lightweight design. Chiras et al. [4] examined the mechanical properties of the tetragonal structure through compression, shear, and bending tests and suggested that the design was near optimal as the core structures experienced only tension and compression load. Zhou et al. [5] used a combination of experimental studies and numerical simulation to analyze the deformation of pyramidal core structures. Côté et al. [6] demonstrated that corrugated and diamond lattice structures compete with square honeycomb and pyramidal core structures under longitudinal shear strength and energy absorption but are weaker under compression and transverse shear loading. Wicks and Hutchinson [7] showed that optimized open truss core structures have superior crushing strength to honeycomb structures.
Additive manufacturing (AM) is a disruptive manufacturing technology which realizes complex designs through topological optimization which would not have been possible with conventional methods. Different lattice structures have been fabricated especially through selective laser melting, and their mechanical performance has been investigated [8] [9] [10] . Santorinaios et al. [11] fabricated cubic structures with a vertical strand using selective laser melting (SLM) from stainless steel and explored the compression and shear performance of the structures. McKown et al. [12] investigated the compressive as well as blast loading response of pillar octahedral and octahedral structures and found that pillar octahedral failed by buckling whereas octahedral had stable progressive failure mode under compression. The structures with vertical strands have better compressive performance than octahedral structures. Tsopanos et al. [13] examined the effect of process parameters on the mechanical properties of microlattice structures. The low laser power resulted in the un-melted powder reducing the mechanical properties of the lattice structures. Gumruk et al. [14] investigated the compression, shear, tensile and combined loading scenarios on body centred cubic (BCC), body centred cubic with a vertical strut (BCC-Z), and face centred in combination with BCC (F 2 BCC) structures with different relative densities. They found that the mechanical properties, as well as the collapse mechanism, are majorly governed by relative density and cell topology. Smith et al. [15] used both beams as well as 3D elements in finite element modelling to accurately predict the compressive behaviour of lattice structures fabricated by SLM. Markkula et al. [16] explored the compressive performance of FDM fabricated tetrahedral, pyramidal and strut reinforced tetrahedral structure (SRT). SRT outperformed other structures regarding effective modulus and ultimate strength.
3D Kagome truss structure is a unique structure whose design is derived from patterns of a woven basket. The mechanical properties, such as compressive and shear strength, are higher for 3D Kagome structure than the tetrahedral and pyramidal structures [17, 18] . Kagome cores exhibit isotropic behaviour after the yielding and are more resistant to plastic buckling under compression and shear, unlike tetrahedral structures which show anisotropy for different orientation. Lee and Kang [19] fabricated wire woven bulk Kagome structure through helical wires and analyzed the compressive behaviour. Kagome structures showed higher compressive strength and energy absorption than aluminium foams and egg box structures. Ullah et al. [20] explored the compressive and shear properties of SLM fabricated Ti-6Al-4V Kagome truss structures and these structures exhibited the better specific strength to conventional honeycomb structures. Kagome structures also have similar effective moduli and energy absorption properties to honeycomb structures [21] . Gautam et al. [22] investigated that built orientation affects both compressive strength and moduli of FDM fabricated Kagome structures. Hence, it is clear that a Kagome lattice structure is one of the lightweight structures with high specific strength and stiffness. Further, the inclusion of a vertical strut in BCC, tetrahedral unit cells improved their performance. These studies inspired to design a lattice structure which has a vertical strut at the centre of Kagome structure.
This study explores the compressive properties of novel strut reinforced Kagome (SRK) unit truss structure made of Ti-6Al-4V fabricated by SLM. The new truss design modifies the conventional 3D Kagome structure with the addition of a vertical strut at the centre. The paper investigates the failure mode in the SRK unit cells of varying aspect ratios. The analytical formulation is developed for predicting the effective modulus and peak strength of SRK and is compared with the experimental and numerical results. The performance of SRK under compression is compared with the 3D Kagome structures with the same relative density. The effect of heat treatment on the compressive properties of both SRK and Kagome unit structures are investigated in terms of the effective moduli, peak strengths, failure strain and energy absorption.
Experimental procedure

Design and manufacturing
The SRK unit cell is a combination of 3D Kagome structure with an addition of a vertical strut as shown in Fig. 1 . The geometric parameters that define the SRK core structure are the height of the core (h), the inclination of slant struts with the base plate (θ), diameter of slanted struts (d s ) and diameter of the vertical strut (d v ). The inclination angle is kept as of tetrahedral structures (θ ¼ tan
), and height of the core is fixed at 11.5 mm.
The Ti-6Al-4V SRK and Kagome samples were fabricated by the selective laser melting machine SLM 250HL with the built volume of 250 × 250 × 350 mm. 400 watt YLR-fiber laser was employed for the fabrication. All the printing was carried out in the argon environment with less than 0.05% oxygen to prevent oxidation during the process. The process parameters used for the fabrication of the structures were taken from Ullah et al. [20] which produced the parts with low porosity and high strength and are listed in Table 1 .
Further, the parametric study explores the effect of the variation of strut diameter on the compressive properties of SRK. The diameter of slanted (d s ) and vertical struts (d v ) of SRK structures were kept equal and designed with 0.4, 0.6, 0.8, and 1.0 mm, respectively in the parametric study. The performance of unit cells depends on the core design and relative density. For the comparative study of the compression properties of SRK structure, 3D Kagome unit structure was designed with the same relative density of SRK core of 1 mm strut diameter. To study the effect of heat treatment on the compressive properties, SRK samples designed with 0.6, 0.8 and 1.0 mm were heat treated at 850°C for 2 h in a vacuum tube and were furnace cooled. Three samples were tested for each case. The SRK and Kagome lattice structures were printed with the unit normal of face sheet perpendicular to the build direction as shown in Fig. 1(b) . With this orientation, no external support was required to fabricate the whole structure. The loose powder in the build process was self-sufficient to support the unit cells. 
Mechanical testing
Uniaxial tensile testing was carried out on dog-bone tensile samples on a 50 kN Instron Universal Testing Machine under displacement control of 3.2 mm/min (according to ASTM E8/E8M) to obtain the material properties of the printed samples. The strain was measured using an external contact extensometer.
Unit SRK structures were subjected to compression loading at a displacement rate of 0.5 mm/min. The displacement readings were extracted using an external linear variable displacement transducer, LVDT (Solartron Metrology), determining the gap between two faceplates. The total displacement given by the LVDT is the sum of the actual sample displacement and displacement of the machine [23, 24] . The machine compliance test was conducted to get the displacement of the machine which was subtracted from the LVDT reading to get the actual displacement of the samples. The engineering stress and strain were obtained by dividing the force and displacement with the cell's effective area and height respectively. The effective area (A eff ) is the area of a stand-alone unit cell and is expressed in term of truss length l asð ffiffiffi
Finite element modelling
The FE modelling of compressive simulations on SRK unit structures was carried out in commercial software ABAQUS/STANDARD®. The 3D CAD model SRK core structures of different diameters were designed using Solidworks®. For the direct comparison of the analytical solution of effective modulus and strength, two discrete rigid sheet structures are modelled along with the SRK core. These rigid plates do not undergo any deformation during the analysis but can have the rigid body motions. The rigid plates are attached to the core with the tie constraints. A reference point on each rigid plate was defined, and the boundary conditions were applied to the reference points. A displacement boundary condition was set to the reference point of the upper rigid sheet to move in a vertical direction. This reference point recorded the displacement of the upper sheet. The reference point on the bottom faceplate was constrained in all six directions. This reference point extracted the reaction force on the structure. The truss or struts elements were discretized with ten node quadratic tetrahedral (C3D10) elements, whereas face sheets were discretized with rigid linear quadrilateral (R3D4) elements.
The elastic-plastic constitutive model with isotropic hardening was incorporated with the material properties obtained from the tensile test of dog-bone samples, beyond the elastic limit. The elastic properties of Ti-6Al-4V are defined by Young's modulus (E) of 111.6 GPa and Poisson's ratio (v) of 0.32. The plastic properties were extracted from the true stress-strain curve presented in Fig. 2 . The 0.2% offset yield stress was used as the yield strength. The plastic strain was calculated by subtracting the elastic strain from the total strain.
Heat treatment and material characterization
The SRK samples were enclosed in the vacuum tube and heated at a rate of 5°C/min. Vrancken et al. [25] studied the influence of various heat treatment processes on SLM components considering residence time, temperature and cooling rates. They concluded that heating temperature below β transus temperature followed by furnace cooling to room temperature provided the best tensile properties. Thus, 850°C was considered for the peak temperature of the heat treatment on SRK unit structures. After reaching 850°C, they were kept at the same temperature for 2 h and were furnace cooled to room temperature.
The microstructures of the as printed and heat treated Ti-6Al-4V samples were compared. The samples were polished with SiC grinding paper with a grit size of 320 and followed by fine polishing with 9 μm diamond suspension. The samples were further polished by colloidal silica (OP-S) with 0.04 μm abrasive. Kroll's reagent was used to reveal the microstructure of the samples. Micrographs of microstructures were extracted through optical microscopes and scanning electron microscope (Joel SEM).
Predicted compressive properties
The compressive properties of SRK are predicted using force equilibrium and elastic strain energy conservation of the core. It is assumed that the aspect ratio of the struts is adequately small such that the bending stiffness of the struts is negligible when compared to their stretching stiffness. Hence, the frictionless pin-jointed condition is assumed at the nodes. This assumption is a verified assumption for estimating the compressive properties of lattice structures [3, 26] .
When normal load P is applied to the face sheet of SRK, the axial load distribution along each of the struts can be obtained using equilibrium stiffness matrix method [27] . All slanted struts are at a same angle (35.26°) with the vertical and the force distribution among the slanted struts is equal. Fig. 3 illustrates a unit SRK structure under compression, and the force distributions for the individual struts using the horizontal and vertical force equilibrium conditions are
where P is externally applied compressive load, and F 1 , F 2 , F 3 and F V are the forces in the axial strut direction. The strain energy under axial loading can be obtained by
where F is an axial force along the stress, l is the length of the strut, A is the area of cross-section and E is the Young's modulus of the material.
For the simplification, we use strut reinforced tetrahedral (SRT) structure to determine the vertical displacement and double it to get the total displacement of SRK. The strain energy of slanted struts and vertical strut in SRT structure is given by
and
where i = 1, 2, and 3 and c is half of the strut length (l = 2c) and h 1 is half the total height of SRK (h = 2h 1 ) core structure respectively. The total strain energy of unit SRT structure is the sum of strain energy of all the struts of SRK and is given by
Replacing values of F in terms of P from Eq. (1) and using Castigliano's theorem, we can obtain the vertical displacement of SRT structure due to applied compressive load P, as
The total vertical displacement of SRK due to load P is twice the displacement of SRT.
From Eq. (6), the effective Young's modulus of SRK E eff is derived as
If
where E is Young's modulus of the material, d is the diameter of the struts and c is half the length of slanted struts. The effective modulus of SRK structure can be expressed in terms of relative density as
where the relative density ðρÞ of SRK (with same strut diameter of slant and vertical strut) can be obtained as
To estimate the compressive strength of the SRK core structure, it is assumed that the force is transmitted to the struts only in the axial direction acting like axial bars (no bending moment is transmitted).
Also, the failure of open core lattice structure (unit cell) can occur by either elastic buckling or plastic buckling after yielding. For a single strut, the critical loads to cause the elastic buckling and yielding are given by
where k is a factor depending on the boundary condition of struts: k = 1 for pin jointed ends, and k = 2 for fixed joints and σ ο is the yield strength of the strut material. SRK structure has slanted as well as vertical struts which have two different lengths. As the areas of both the structure are considered to be the same, the vertical strut shares higher load as well as bears higher stress for the same displacement. We assume that the slanted struts bear lower load than vertical strut, the whole structure will fail ultimately after the failure of the slanted struts. Hence, the prediction of the compression strength is based on the failure of the slanted struts.
For elastic buckling,
Similarly, for plastic buckling after the yield,
The compressive strength of SRK structures can be expressed in terms of relative density ðρÞ as
The compressive properties of Kagome structures are given by [28] .
Eqs. (7) to (16) for predicting the effective modulus and strength show that the compressive properties depend on the aspect ratio (d/c) or relative density (ρ) and solid bulk material properties, Young's modulus (E) and yield strength (σ ο ).
Results and discussion
Compression testing on SRK unit cell structure
Before the compression testing of the SRK unit cell structures, the diameters of the struts were measured through an optical microscope. The struts are focused on the edge so that the diameter of the struts can be extracted. The diameters measured at ten random positions along the length of the vertical struts and their average value was reported here. The slanted struts cannot be focused on to a plane to get the accurate measurement of the diameter. Thus, it was assumed that the diameter of the slanted struts would be the same as the vertical struts due to the difficulty in getting the accurate measure of slanted struts. Table 2 shows the variation of the diameter of printed samples with the designed ones. The measured diameters of the printed are larger as much as 37% for smallest diameter struts to 9.1% for the larger diameter (1.0 mm). Though the percentage difference of the measured and designed diameter of the struts is high in the smaller diameter, the absolute difference for the struts beyond 0.6 mm is approximately 0.1 mm. This increase in diameter is mainly due to the attachment of the partially melted powder particles on to the surface of the struts. As the struts are built without any external support, the heat is dissipated only through powder resulting in the partial melting of powder attached to the surface of fully melted ones [29] . Another reason can be the bigger width of the melt-pool than the laser spot-size [30] . The melt pool exceeded the boundaries of the struts leading to its increased diameter. Similar increase in the thickness or diameter of the struts in SLM printed parts has been reported in other studies [30] [31] [32] . Fig. 4(a) shows the compressive stress-strain behaviour of the unit SRK structure with different diameters of the struts. It is evident that the increase in diameter (hence relative density) enhances the peak strength as well as the effective modulus of the structure. All specimens demonstrate the similar compressive behaviour except the one with the lowest relative density (strut diameter of 0.53 mm). All others specimens exhibited distinct attainment of peak strength after initial yield point whereas the SRK with 0.53 mm diameter did not show any yield point. Unit cells with the lowest strut diameter of 0.527 mm reached the peak-load linearly and failed gradually (Fig. 4(b) ). Low aspect ratio structures failed within the linear elastic region, whereas higher aspect ratio ones failed by plastic buckling after the yield. Fig. 5(b) shows the micrographs at different stages of compression response on the stress-strain curve of unit SRK structure with strut diameter of 0.89 mm shown in Fig. 5(a) . Inset graph in Fig. 5(a) is the magnified portion of the initial stages of the compression on SRK unit cell. After the initial linear elastic region, the vertical strut attained the yielding first, after which the slope of stress-strain response changed. At the peak stress, all other struts also yielded. There was no bending of the struts till the peak stress was reached as shown in image 2 of Fig. 5(b) . As soon as the peak strength was reached, the struts started to bend, and the stress decreased simultaneously which can be seen in image 3. With further loading, the struts continued to bend followed by the appearance of cracks on the tensile side of the struts (image 4). The final failure occurred with the opening of initial cracks and creation of further cracks in the struts (image 5). Fig. 6 shows the stress-strain curve of the experimental measurements and numerical simulations with truss structure of 0.7 mm and 1.09 mm diameter. The slope of the linear part of simulated results is steeper than the experimental measurements indicating the low experimental effective modulus. Both the experimental and simulation results exhibit similar trends with an initial linear elastic region followed by the yielding to reach the peak stress. The softening after the peak stress by the experimental results matches well with the numerical predictions until the cracks start to form. Table 3 lists the analytically predicted, numerically simulated and the experimentally measured values of the effective modulus of unit SRK structure with different aspect ratio. The simulation and the analytically predicted results match with each other within 2%. This suggests that the analytical solution correctly predicts the ideal SRK effective modulus. However, the experimental results differ by 20-32% from the analytically predicted results. The analytically predicted results and the simulation results are obtained for SRK core only whereas core along with two attached face sheets are compressed in experiments. The strain data are obtained from the LVDT which measures the movement of compression plates. We assume that the vertical loading applied on the face sheet would be directly transferred to the core and the displacement of the compression plate is the same as the displacement of the core. In fact, there is still elastic deformation of the face sheet but is small compared to the deformation of the core. The numerical simulations of the structure with both facesheets and core resulted in the decrease of effective moduli. The difference between measured and numerical analysis of SRK unit structures with face sheets is reduced to 12-24%. Other contributions to the discrepancies in the results could be the measurement of the diameter of the struts. The semimolten satellite particles attached to the struts increase the intended nominal diameter contributing insignificantly to the mechanical properties. This discrepancy in the diameter caused by the powder attached on the surface has led to over-prediction of the stiffness. Table 4 lists the compressive peak strength results of various aspect ratios obtained from analytical, numerical and experimental strategies. The compressive strength of the specimen with high aspect ratio (d/c = 0.126 and d/c = 0.155) is well predicted (within 12% accuracy) by Eq. (13). The 0.2% offset yield strength is considered the critical strength to predict the peak strength of the structure [33] . The strength of specimens with a low aspect ratio (d/c = 0.075) which shows linear elastic behaviour until it reaches peak strength is well predicted by Eq. (12) . The experimental measurements are within the analytical result obtained with k = 1 and k = 2. The SRK specimens with diameter 0.7 Table 2 Designed and measured diameters of the struts of SRK structures. are in the transition zone, with nonlinearity observed prior to reaching peak strength. Thus, both equations, Eqs. (12) and (13), give a close approximation of the experimental results. The performance of the SRK unit structure is compared to the performance of unit Kagome structure. For direct comparison, Kagome unit structure was designed and fabricated with the same relative density of SRK structure (with 1.0 mm strut). With the fabrication, as reported in Table 2 , the diameter of SRK has changed to 1.09 mm. We assume that the Kagome structure after the fabrication still has the same relative density as that of SRK. Fig. 7 shows the compressive stress-strain curve of SRK and Kagome unit structures with 2.54% relative density. Table 5 compares the average effective modulus and peak strength of both the structures. For this specific case, SRK has better effective modulus (12.87%) and peak strength (13.42%) than Kagome unit structure. The presence of the vertical strut (which shares greater amount of load) in SRK unit structure has led to the increase in strength and the effective modulus. The better performance in terms of effective moduli and peak strength have been obtained due to the presence of vertical struts in BCC-Z [12, 14] and strut reinforced tetrahedral structures [16] . After the initial linear elastic region, the Kagome structures reach the peak with smooth hardening curve. However, as explained earlier in section, SRK unit has a change in the slope after the yielding of the vertical strut. After the peak strength, SRK unit structure loses its load carrying capacity at a faster rate than Kagome as indicated by the steeper slope of the post-peak stress response. Fig. 8 shows the compressive performance of SRK and Kagome unit structure with the conventional honeycomb, foam and other lattice structures. The SRK and Kagome structures exhibited higher compressive strength than the foam and honeycomb structures at low density. The effective moduli of SRK and Kagome unit structures were comparable to different honeycomb structures and higher than foams. The strength, as well as the effective moduli, increased with the inclusion of vertical struts in SRK as well as BCC-Z structures. The strength and moduli increased significantly in BCC-Z structures whereas SRK exhibited a small increase in the properties compared to Kagome unit design. The SRK, Kagome and octet structures, with less density, displayed better compressive strength and moduli than BCC and BCC-Z structures.
Heat treatment on SRK unit structures
To study the effect of the heat treatment on the SRK unit structures, the specimens were heat treated to 850°C, below β transus temperature (980-995°C) [25, 35] of Ti-6Al-4V, and were furnace cooled. The compression test was carried out on the raw and heat treated samples at the displacement control rate of 0.5 mm/min.
Microstructure of Ti-6Al-4V parts
Micro-structures of as fabricated Ti-6Al-4V samples produced by SLM show fully acicular α′ martensitic structures as shown in Fig. 9 and similar microstructures are reported in the literature [36, 37] . The side view of the microstructure sample shows long columnar prior β grains oriented on the build direction (arrows in Fig. 9(a) show the elongated grains direction). They grow epitaxially due to partial remelting of previous layers acting as the nucleus of strongly textured grains [36] . The size of the needle structures is fine (Fig. 9(b) ) due to the high cooling rate during the SLM print process. Fig. 10 shows the microstructures of the heat treated samples below β transus. The fine martensitic structures have transformed into the mixture of α and β [25, 38] . The β fraction of the mixture increases with the increase in the temperature. The equilibrium α fraction is 73% at 850°C [39] . After the sub-β-transus heat treatment, fine acicular α′ structure decomposes into a coarser mixture of α and β. Fig. 11 shows the representative stress-strain curve of as fabricated and heat treated sample of SRK unit structure with strut diameter of 0.89 mm. The higher slope of the initial linear region and lower peak strength is observed in the heat-treated sample. The distinct difference on the curves is higher failure strain of the heat treated sample than of as-fabricated sample. The average effective modulus and peak strength of as fabricated and heat treated specimens of SRK unit structures of various diameters and Kagome structure are shown in Fig. 12 . The peak strength of the structures reduced by 11-15% whereas the effective modulus has increased by 40-48% after the heat treatment. Fig. 13 compares the average energy per unit volume and mean failure strain of raw and heat treated samples. After the heat treatment, the average energy absorption increased by 19-35% whereas the failure strain improved by 37-70%. Though the ductility has increased by a significant amount, the similar increase in energy absorption was hindered by the reduction in the peak strength. It is also observed that the energy absorption of Kagome structures is greater than that of the SRK structures of the same relative density. Though SRK structures have better peak strength and modulus, Kagome has more energy absorption capacity due to its higher failure strain. After the peak strength, SRK unit structure loses its load carrying capacity at a faster rate than Kagome indicated by the steeper slope of the post-peak stress response which contributes to less energy absorption as seen in Fig. 7 .
Compression properties after the heat treatment
The decomposition of the fine acicular martensitic α′ structure to a more coarse mixture of α and β with sub-β-transus heat treatment has led to the decrease in the peak strength and increase in the ductility of the material. With the increase in the ductility, the energy absorption of the structures also increases as depicted in Fig. 13 .
The different phases of Ti-6Al-4V have different moduli. The α, α′ and β phases have higher modulus respectively among each other [40] . After the heat treatment, α′ transform to α + β phases. With a higher fraction of the α phase in the mixture at 850°C, the stiffness of heat treated part has increased as seen in Fig. 12(a) . Sallica-Leva et al. [38] obtained an increase in the effective modulus of the SLM printed porous structure with sub-β-transus heat treatment.
Conclusions
In this study, a novel design of lattice core structure, strut reinforced Kagome, was proposed and Ti-6Al-4V SRK structures were fabricated by SLM. Uniaxial compression tests were conducted with SRK unit structures of different aspect ratios, and their compressive behaviour was investigated. The experimental results showed that the effective elastic moduli were 20-32% lower and peak strength differed by 1-12% than the predicted ones.
For the same relative density, the compressive strength and effective modulus of SRK unit structure were compared with Kagome. SRK structure performed with 13.42% and 12.87% greater peak strength and effective modulus than Kagome unit structure. However, due to better ductility, Kagome has higher energy absorption capacity than SRK unit structure.
For optimizing the overall compressive performance, sub-β-transus heat treatment to 850°C with furnace cooling was conducted, and its effect on the overall compressive properties of SRK and Kagome unit structures were investigated. With the transformation of martensitic α′ structures to the mixture of α and β with the heat treatment, the average effective moduli, failure strain and energy absorption per unit volume increased by 40-48%, 37-70%, and 19-35% respectively with the reduction of peak strength by 11-15% only. 
